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Chapter 1
Introduction

1-1. Purpose

This Engineer Manual provides guidance to Corps of
Engineers (CE) personnel who are responsible for
groundwater-related projects. This manual was written
with speciad attention to groundwater-related
applications prevalent within the CE. Thus, sections
addressing dte investigation procedures and the
performance of modeing studies are included.
Additionally, a chapter focusing on the interaction
between surface water and groundwater is included.

1-2. Applicability

This manual applies to al USACE Commands having
civil works responsibilities. This manual provides
information for application to common Corps
groundwater-related studies, including:

contaminant

a. Site characterization for

remediation.
b. Computer modeling of groundwater flow.

c. Groundwater and surface water interaction
studies.

d. Reservoir operations.

e. Groundwater flow to adjacent locks and dams.

h

Remediation of reservoir leakage.
g. Infiltration of runoff to the subsurface.

h. Baseflow between aguifers and fixed bodies
including streams and reservoirs.

i. Effects of aquifer pumping on adjacent lakes
and streams.

J. Well indtallation involved with seawater
infiltration barriers.

k. Dewatering of an excavation for construction
purposes.
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I. Genera regiona and loca applications.
1-3. References

A variety of sources were used to compile the
information presented herein. This includes publica-
tions of professiona societies, and guidance devel oped
by the Corps of Engineers and other federal agencies.
Appendix A contains a complete list of references.
The following texts provide a general understanding of
groundwater concepts and principles.

a. Driscoll, F. G. 1986. “Groundwater and
Wels” 2nd ed., Johnson Wheelabrator Water Tech-
nologies, Inc., St. Paul, MN.

b. Domenico, P. A., and Schwartz, F. W. 1990.
“Physical and chemical hydrogeology,” John Wiley and
Sons, NY.

c. Fetter, C. W. 1994. “Applied hydrogeology,”
3rd ed., Charles E. Merrily Pub., Columbus, OH.

d. Freeze, R. A., and Chery, J A. 1979
“Groundwater,” Prentice-Hall, Inc., Englewood Cliffs,
NJ.

e. U.S. Depatment of the Interior. 1977.
“Ground water manual - A water resources technica
publication,” U.S. Department of the Interior, Bureau
of Reclamation.

f. Heath, Ralph C. 1987. “Basic ground-water
hydrology,” U.S. Geological Survey Water-Supply
Paper 2220.

1-4. Distribution Statement

Approved for public release; distribution is unlimited.
1-5. Focus

This manual focuses on areas of particular concern to
Corps projects. In the past 10 years, significant
technical progress has been made in the field of
computer modeling of groundwater flow. These new

modding technologies have had widespread
applications within the Corps. This manual provides
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specific information regarding the performance of a
site investigation and conducting a modeling study.
Additionally, a sdignificant portion of Corps
applications are involved with surface water. The
interrelationship of surface water and groundwater
should be considered on all Corps surface water and
applicable groundwater projects. This manua
addresses andyticd and numericd methods for
guantifying the water exchange between surface water
and groundwater.

1-6. Approach

This manual is intended for the use by Corps personnel
in planning and designing groundwater-related
projects. In many field applications, it is not possible
to provide specific ingtructions and/or specific
procedures that are universally applicable to every
situation that may be encountered. Therefore, this
manual emphasizes the use of sound judgement and the
development of a good understanding of basic
groundwater concepts rather than providing specific
guidelines.

1-7. Scope

The manua provides a general overview of ground-
water principles. Practical discussions are provided
for planning groundwater investigations and modeling
of groundwater flow. Additionaly, a section on
surface water and groundwater interaction is included.
To enhance understanding of concepts, examples are
provided throughout the document.

1-8. Format

This manua initidly presents an overview of the
occurrence and movement of groundwater. Procedures
for planning and managing a site characterization and
modding study are then presented. This isfollowed by
chapters addressing the technical aspects of field
investigative methods and computer moddling. A fina
chapter discussing the interaction of groundwater and
surface water is then presented. Appendices are
included that contain detailed references, definitions,
and additional supporting information.

1-2

a. Chapter 2. “Occurrence and Movement of
Groundwater,” presents an overview of genera
concepts. For Corps-specific applications, a section on
estimating the capture zones of pumping wells is
included.

b. Chapter 3. “Planning a Groundwater Investi-
gation and Modeling Study,” provides genera guide-
lines for performing a ste characterization, and
integrating hydrogeologic information into a computer
model. This includes; initia site reconnaissance, data
interpretation, acquisition of additional data, con-
ceptual model formulation, and general stepsin devel-
oping a groundwater flow model. Additionally, project
management guidelines are included.

c. Chapter 4. “Fidd Investigative Methods.”
Adequate conceptualization of a hydrogeologic system
often requires the acquisition of new field data. This
chapter provides an overview of different methods that
can be employed to gain a better understanding of
subsurface conditions. Key references are provided to
allow for a more detailed understanding of concepts
and applications.

d. Chapter 5. “Computer Modeling of Ground-
water Flow,” presents a technical overview of numeri-
ca modeling of groundwater flow.

e. Many Corps projects are related to the
interaction of groundwater and surface water. Chap-
ter 6, “Interaction Between Surface Water and
Groundwater,” provides an overview of the distribution
and movement of water in the subsurface. Practical
analytical methods which quantify the interaction
between surface water and groundwater are presented.
Numerical models are often employed to quantify the
water exchange between the surface and subsurface.
This chapter presents an overview of current
technology available for the smulation of interaction
between surface water and groundwater. Key
references are provided to allow for a more detailed
understanding of concepts and applications.



Chapter 2
Occurrence and Movement of Groundwater

2-1. General

The occurrence and movement of groundwater are
related to physical forces acting in the subsurface and
the geologic environment in which they occur. This
chapter presents a genera overview of basic concepts
which explan and quantify these forces and
environments as related to groundwater. For Corps-
specific applications, a section on estimating capture
zones of pumping wells is included. Additionaly, a
discussion on satwater intrusion is included. For a
more detailed understanding of general groundwater
concepts, the reader isreferred to Fetter (1994).

2-2. Hydrologic Cycle

a. The Earth's hydrologic cycle consists of many
varied and interacting processes involving al three
phases of water. A schematic diagram of the flow of
water from the atmosphere, to the surface and
subsurface, and eventually back to the atmosphere is
shown in Figure 2-1.

Condensation

Precipitation Transpiration

Evaporation
o,;l; s

o N
3y
‘Water table ng»

Groundwater

Figure 2-1. Hydrologic cycle

b. Groundwater flow is but one part of this com-
plex dynamic hydrologic cycle. Saturated formations
below the surface act as mediums for the transmission
of groundwater, and as reservoirs for the storage of
water. Water infiltrates to these formations from the
surface and is transmitted dowly for varying distances
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until it returns to the surface by action of natura flow,
vegetation, or man (Todd 1964). Groundwater is the
largest source of available water within the United
States, accounting for 97 percent of the available fresh
water in the United States, and 23 percent of fresh-
water usage (Solley and Pierce 1992).

2-3. Subsurface Distribution

a. General. Groundwater occurs in the subsurface
in two broad zones. the unsaturated zone and the
saturated zone. The unsaturated zone, also known as
the vadose zone, consists of soil pores that are filled to
a varying degree with air and water. The zone of
saturation consists of water-filled pores that are
assumed to be a hydrostatic pressure.  For an
unconfined aquifer, the zone of saturation is overlain
by an unsaturated zone that extends from the water
table to the ground surface (Figure 2-2).

b. Unsaturated zone. The unsaturated zone (or
vadose zone) serves as a vast reservoir which, when
recharged, typically discharges water to the saturated
zone for a relatively long period after cessation of
surface input. The unsaturated zone commonly
consists of three sub-zones: the root zone, an
intermediate zone, and the capillary fringe. The root
zone varies in thickness depending upon growing
season and type of vegetation. The water content in
the root zone is usually less than that of saturation,
except when surface fluxes are of great enough
intensity to saturate the surface. This region is subject
to large fluctuations in moisture content due to
evaporation, plant transpiration, and precipitation.
Water below the root zone is either percolating near
vertically downward under the influence of gravity, or
is suspended due to surface tension after gravity
drainage is completed. Thisintermediate zone does not
exist where the capillary fringe or the water table
intercepts the root zone. The capillary fringe extends
from the water table up to the limit of capillary rise.
Water molecules at the water surface are subject to an
upward attraction due to surface tension of the air-
water interface and the molecular attraction of the
liguid and solid phases. The thickness of this zone
depends upon the pore size of the soil medium, varying
directly with decrease in pore size. Water content can
range from very low to saturated, with the

2-1
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Root Zone

Intermediate Zone

Unsaturated Zone

Capillary Fringe

Saturated Zone

Figure 2-2. Subsurface distribution of water

lower part of the capillary fringe often being saturated.
Infiltration and flow in the unsaturated zone are
discussed in Section 6-3.

c. Saturated zone. In the zone of saturation, all
communicating voids are filled with water under
hydrostatic pressure. Water in the saturated zone is
known as groundwater or phregatic water.

2-4. Forces Acting on Groundwater

External forces which act on water in the subsurface
include gravity, pressure from the atmosphere and
overlying water, and molecular attraction between
solids and water. In the subsurface, water can occur in
the following: as water vapor which moves from
regions of higher pressure to lower pressure, as
condensed water which is absorbed by dry soil
particles, as water which is retained on particles under
the molecular force of adhesion, and as water which is
not subject to attractive forces towards the surface of
solid particles and is under the influence of
gravitational forces. In the saturated zone,

2-2

groundwater flows through interconnected voids in

response to the difference in fluid pressure and

elevation. The driving force is measured in terms of

hydraulic head. Hydraulic head (or potentiometric

head) is defined by Bernoulli's equation:
p. V2

h =z+—+—

Pg 29

(2-1)

where
h = hydraulic head
7 = elevation above datum
p = fluid pressure with constant density p
g = acceleration due to gravity
v = fluid velocity

Pressure head (or fluid pressure) h, is defined as:



(2-2)

By convention, pressure head is expressed in units
above atmospheric pressure. In the unsaturated zone,
water isheld in tension and pressure head is less than
atmospheric pressure (h, < 0). Below the water table,
in the saturated zone, pressure head is greater than
atmospheric pressure (h, > 0). Because groundwater
velocities are usually very low, the velocity component
of hydraulic head can be neglected. Thus, hydraulic
head can usually be expressed as:

h =z+h) (2-3)

Figure 2-3 depicts Equation 2-3 within awell.

Ground
Surface
Casing—-...__
Standing water level
* x
Backfill ——._____
Ilp
)
Screen——__
Datum

Figure 2-3. Relationship between hydraulic head,
pressure head, and elevation head within a well

2-5. Water Table

As illustrated by Figure 2-3, the height of water
measured in wells is the sum of eevation head and
pressure head, where the pressure head is equal to the
height of the water column above the screened interval
within the well. Freeze and Cherry (1979) define the
water table as located at the level at which water
stands within a shallow well which penetrates the
surficial deposits just deeply enough to encounter
standing water. Thus, the hydraulic head at the water
table is equd to the elevation head; and the pore water
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pressure at the water table is equivalent to atmospheric
pressure.

2-6. Potentiometric Surface

The water table is defined as the surface in a
groundwater body a which the pressure is
atmospheric, and is measured by the level a which
water stands in wells that penetrate the water body just
far enough to hold standing water. The potentiometric
surface approximates the level to which water will rise
in a tightly cased well which can be screened at the
water table or at greater depth. In wells that penetrate
to greater depths within the aquifer, the potentiometric
surface may be above or below the water table
depending on whether an upward or downward
component of flow exists. The potentiometric surface
can vary with the depth of awell. In confined aquifers
(Section 2-6), the potentiometric surface will rise
above the aguifer surface. The water table is the
potentiometric surface for an unconfined aquifer
(Section 2-6). Where the head varies appreciably with
depth in an aquifer, a potentiometric surface is
meaningful only if it describes the static head along a
particular specified stratum in that aquifer. The
concept of potentiometric surface is only rigorously
valid for defining horizontal flow directions from
horizontal aquifers.

2-7. Aquifer Formations

a. General. An aqguifer is ageologic unit that can
store and transmit water. Aquifers are generally
categorized into four basic formation types depending
on the geologic environment in which they occur:
unconfined, confined, semi-confined, and perched.
Figure 2-4 describes basic aguifer formations.

b. Unconfined aquifers.  Unconfined aquifers
contain a phreatic surface (water table) as an upper
boundary that fluctuates in response to recharge and
discharge (such as from a pumping well). Unconfined
aquifers are generally close to the land surface, with
continuous layers of materials of high intrinsic
permeability (Section 2-11) extending from the land
surface to the base of the aquifer.

c. Confined aquifers. Confined, or artesian, aqui-
fers are created when groundwater is trapped between
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Figure 2-4. Aquifer formations

two layers of low permeability known as aquitards. In
a confined agquifer, the groundwater is under pressure
and the water level in a well rises above the upper
boundary of the aquifer. Flowing artesian conditions
exist when the water level in a well rises above land
surface. Recharge to confined aquifers is predomi-
nantly from areas where the confining bed is breached,
either by erosional unconformity, fracturing, or
depositional absence.

d. Semi-confined aquifers.  Semi-confined, or
leaky, aguifers occur when water-bearing strata are
confined, either above or below, by a semipermeable
layer. When water is pumped from a leaky aquifer,
water moves both horizontally within the aquifer and
vertically through the semipermeable layer.

e. Perched aquifers. A perched aguifer is a
gpecia type of unconfined aguifer where a
groundwater body is separated above the water table
by a layer of unsaturated material. A perched aquifer

2-4

occurs when water moving down through the
unsaturated zone is intercepted by an impermeable
formation. Clay lenses in sedimentary deposits often
have shallow perched water bodies overlying them.
Wells tapping perched aguifers generaly yield
temporary or small quantities of water.

2-8. Principal Types of Aquifer Materials

a. General. Earth materials which can have the
potential to transmit water can be classified into four
broad groups. unconsolidated materials, porous
sedimentary rock, porous volcanics, and fractured
rock. In unconsolidated material, water is transported
through the primary openings in the rock/soil matrix.
Consolidation is the process where loose materias
become firm and coherent. Sandstone  and
conglomerate are common consolidated sedimentary
rocks formed by compaction and cementation.
Carbonate rocks (such as limestone and dolomite) are
sedimentary rocks which can be formed by chemical



precipitation. Water is usualy transported through
secondary openings in carbonate rocks enlarged by the
dissolution of rock by water. The movement of water
through volcanics and fractured rock is dependent upon
the interconnectedness and frequency of flow
pathways.

b. Gravel and sand. Gravel and sand aquifers are
the source of most water pumped in the United States.
Gravels and sands originate from aluvial, lacustrine,
marine, or eolian glacia deposition.

(1) Alluvia deposits. Alluvid deposits of peren-
nial streams are usually fairly well sorted and therefore
permeable. Ephemera streams typicaly deposit sand
and gravel with much less sorting. Stream channels
are sendgitive to changes in sediment load, gradient, and
velocity. This can result in lateral distribution of
aluvia deposits over large areas. Areas with greater
streambed dope typically contain coarser deposits.
Alluvial fans occur in arid or semiarid regions where a
stream issues from a narrow canyon onto a plain or
valley floor. Viewed from above, they have the shape
of an open fan, the apex being at the valey mouth.
These aluvia deposits are coarsest at the point where
the stream exits the canyon mouth, and become finer
with increasing distance from the point of initia
deposition.

(2) Lacustrine deposits. The central and lower
portions of aluvium-filled valeys may consist of fine-
grained lacustrine (or lakebed) deposits. When a
stream flows into a lake, the current is abruptly
checked. The coarser sediment settles rapidly to the
bottom, while finer materials are transported further
into the body of relatively still water. Thus, the central
areas of valeys which have received lacustrine
deposits often consist of finer-grained,
lower-permesability materials.  Lacustrine deposits
usualy consist of fine-grained materials that are not
normally considered aguifers.

(3) Marine deposits. Marine deposits originate
from sediment transported to the ocean by rivers and
erosion of the ocean floor. As a sea moves inland,
deposits at a point in the ocean bottom near the shore
become gradualy finer due to uniform wave energy.
Conversdly, as the sea regresses, deposition progresses
gradually from finer to coarser deposits. This is a
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common sequence in the southern United States.
Additionally, cora reefs, shells, and other calcite-rich
deposits commonly occur in areas with temperate
climatic conditions.

(4) Eolian deposits. Materials which are
transported by the wind are known as eolian deposits.
The sorting action of the wind tends to produce
deposits that are uniform on aloca scale, and in some
cases quite uniform over large areas. Eolian deposits
consist of st or sand. Eolian sands occur wherever
surface sediments are available for transport. In
comparison with aluvial deposits, eolian sands are
quite homogeneous and are as isotropic (Section 2-13)
as any deposits occurring in nature. Eolian deposits of
silt, caled loess, are associated with the abnormally
high wind velocities associated with glacia ice fronts.
Loess occurs in the shallow subsurface in large areas
of the Midwest and Great Plains regions of North
America

(5) Glacia deposits.  Unlike water and wind,
glacia ice can entrain unconsolidated deposits of all
sizes from sediments to boulders. Glacid till is non-
sorted, non-stratified sediment deposited beneath, from
within, or from the top of glacial ice. Glacial outwash
(or glaciofluvial) deposits consist of coarse-grained
sediments deposited by meltwater in front of a glacier.
The sorting and homogeneity of glaciofluvia deposits
depend upon environmental conditions and distance
from the glacial front.

c. Sandstone and conglomerate. Sandstone and
conglomerates are the consolidated equivalents of sand
and gravel. Consolidation results from compaction and
cementation. The highest yielding sandstone aquifers
occur where partial consolidation takes place. These
yield water from the pores between grains, athough
secondary openings such as fractures and joints can
also serve as channels of flow.

d. Carbonate rocks. Carbonate rocks, formed
from calcium, magnesium, or iron, are widespread
throughout the United States. Limestone and dolomite,
which originate from calcium-rich deposits, are the
most common carbonate rocks. Carbonates are
typicaly brittle and susceptible to fracturing.
Fractures and jointsin limestone yield water in small to
moderate amounts. However, because water acts as a
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weak acid to carbonates, dissolution of rock by water
enlarges openings. The limestones that yield the
highest amount of water are those in which a sizable
portion of the original rock has been dissolved or
removed. These areas are commonly referred to as
karst. Thus, large amounts of flow can potentially be
transmitted in carbonate rocks.

e. Volcanics. Basdlt is an important aquifer
material in parts of the western United States, most
notably central Idaho, where enormous flows of lava
have spread out over large areas in successive sheets of
varying thickness. The ability of basalt formations to
transmit water is dependent on the presence of
fractures, cracks, and tubes or caverns, and can be
significant. Near the surface, rapid cooling produces
jointing. Fracturing below the surface occurs as the
crust cools, causing differential flow velocities with
depth. Other volcanic rocks, including rhyolite and
other more siliceous rocks, do not usually yield water
in quantities comparable to those secured from basalt.
Another major source of groundwater in some parts of
the western United States is found in sedimentary
“interbed” materials which occur between basalt flows.
This interbedded materia is generally aluvial or
colluvial in nature, consisting of sands, gravels, and
resduum (particularly granite). When the interbedded
materials tend to be finer-grained, the interbed actsas a
confining layer.

f. Fractured rock. Crystalline and metamorphic
rocks, including granite, basic igneous rocks, gneiss,
schigt, quartzite, and date are relatively impermesble.
Water in these areas is supplied as a result of jointing
and fracturing. The yield of water from fractured rock
is dependent upon the frequency and interconnected-
ness of flow pathways.

2-9. Movement of Groundwater

Groundwater moves through the sub-surface from
areas of greater hydraulic head to areas of lower
hydraulic head (Equation 2-3). The rate of
groundwater movement depends upon the dope of the
hydraulic head (hydraulic gradient), and intrinsic
aquifer and fluid properties.

2-6

2-10. Porosity and Specific Yield

a. Porosity. Porosity n is defined as the ratio of
void space to the total volume of media:

n = > (2-4)

where
V, = volume of void space [L?]

V; = total volume (volume of solids plus volume
of voids) [L?]

In unconsolidated materials, porosity is principaly
governed by three propertties of the medias grain
packing, grain shape, and grain size distribution. The
effect of packing may be observed in two-dimensional
models comprised of spherical, uniform-sized balls.
Arranging the balls in a cubic configuration (each ball
touching four other balls) yields a porosity of 0.476
whereas rhombohedral packing of the balls (each ball
touching eight other balls) results in a porosity of
0.260. Porosity is not a function of grain size, but
rather grain size distribution.  Spherical models
comprised of different sized balls will aways yield a
lower porosity than the uniform model arranged in a
similar packing arrangement. Primary porosity in a
material is due to the properties of the soil or rock
matrix, while secondary porosity is developed in the
material after its emplacement through such processes
as solution and fracturing. Representative porosity

ranges for sedimentary materials are given in
Table 2-1.

Table 2-1

Porosity Ranges for Sedimentary Materials
Material Porosity
Clay 45 - 55
Silt .40 - .50
Medium to coarse mixed sand .35-.40
Uniform sand .30-.40
Fine to medium mixed sand .30-.35
Gravel .30-.40
Gravel and sand .20 - .35




b. Effective porosity. Effective porosity n, is the
porosity available for fluid flow. The effective
porosity of a unit of media is equal to the ratio of the
volume of interconnected pores that are large enough to
contain water molecules to the total volume of the rock
or soil.

c. Specific yield. Specific yield S, is the ratio of
the water that will drain from a saturated rock owing to
the force of gravity to the total volume of the media.
Specific retention Sr is defined as the ratio of the
volume of water that a unit of media can retain against
the attraction of gravity to the total volume of the
media. The porosity of arock is equa to the sum of
the specific yield and specific retention of the media
For most practical applications in sands and gravels,
the value of effective porosity can be consdered
equivalent to specific yield. In clays, there is a much
greater surface area and corresponding adhesion of
water molecules. Figure 2-5 illustrates a typica
relationship of specific yield and specific retention to
total porosity for different soil types.
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2-11. Darcy’s Law and Hydraulic Conductivity

a. Darcy's Law. Henry Darcy, a French
hydraulic engineer, observed that the rate of laminar
flow of a fluid (of constant density and temperature)
between two points in a porous medium is proportiona
to the hydraulic gradient (dh/dl) between the two points
(Darcy 1856). The equation describing the rate of flow
through a porous medium is known as Darcy's Law
and isgiven as.

_ _kpdh 2-5
Q KAOII (2-5)

where
Q = volumetric flow rate [L°T™]
K = hydraulic conductivity [LT?]

A = cross-sectional area of flow [L?]
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Figure 2-5. Typical relationship between specific yield, specific retention, and total porosity for different soil types
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h = hydraulic head [L]
| = distance between two points[L]

The negative sign on the right-hand side of Equa
tion 2-5 (Darcy's Law) is used by convention to
indicate a downward trending flow gradient.

b. Hydraulic conductivity. The hydraulic
conductivity of a given medium is a function of the
properties of the medium and the properties of the
fluid. Using empirically derived proportiondity
relationships and dimensional anaysis, the hydraulic
conductivity of a given medium transmitting a given
fluid isgiven as:

K - kp9 (2-6)
u

where
k = intrinsic permeability of porous medium [L7]
p = fluid density [ML?]
1= dynamic viscosity of fluid [ML T
g = acceleration of gravity [LT?

The intrinsic permeability of a medium is a function of
the shape and diameter of the pore spaces. Severa
empirical relationships describing intrinsc perme-
ability have been presented. Fair and Hatch (1933)
used a packing factor, shape factor, and the geometric
mean of the grain size to estimate intrindc perme-
ability. Krumbein (1943) uses the square of the
average grain diameter to approximate the intrinsic
permesbility of a porous medium. Values of fluid
density and dynamic viscosity are dependent upon
water temperature.  Fluid density is additionally
dependent upon total dissolved solids (TDS). Ranges
of intringc permeability and hydraulic conductivity
values for unconsolidated sediments are presented in
Table 2-2.

c. Specific discharge. = The volumetric flow
velocity v can be determined by dividing the volumetric
flow rate by the cross-sectiona area of flow as:

2-8

Table 2-2
Ranges of Intrinsic Permeability and Hydraulic Conductivity for
Unconsolidated Sediments

Material Intrinsic Permeability  Hydraulic Conductivity
(cm?) (cmi/s)
Clay 10°-10° 10°-10°
Silt, sandy silts, 10°- 10" 10°-10*
clayey sands, till
Silty sands, fine 10°%-1 10°-10°
sands
Well-sorted sands, 1 - 102 10%-10*
glacial outwash
Well-sorted gravels 10 - 10° 10°%-1
dh
v-Q_ gdh (2-7)
A dl

The velocity given by Equation 2-7 is termed the
specific discharge, or Darcy flux. The specific
discharge is actually an apparent velocity, representing
the velocity at which water would move through an
aquifer if the aquifer were an open conduit. The cross-
sectiona area is not entirely available for flow due to
the presence of the porous matrix.

d. Pore water velocity. The average linear
velocity of water in a porous medium is derived by
dividing specific discharge by effective porosity (ng) to
account for the actual open space available for the
flow. The resulting velocity is termed the pore water
velocity, or the seepage velocity. The pore water
velocity V, represents the average rate at which the
water moves between two points and is given by

v . _Q _ Kdh

2-8
* nA n.dl 9

2-12. Flow and Transmissivity

Transmissivity T is a measure of the amount of water
that can be transmitted horizontally through a unit
width by the fully saturated thickness of an aquifer
under a hydraulic gradient equal to 1. Transmissivity
is equal to the hydraulic conductivity multiplied by the
saturated thickness of the aquifer and is given by:



T = Kb (2-9)

where
K = hydraulic conductivity [LT?]
b = saturated thickness of the aquifer [L]

Since transmissivity depends on hydraulic conductivity
and saturated thickness, its value will differ at different
locations within agquifers comprised of heterogeneous
material, bounded by doping confining beds, or under
unconfined conditions where the saturated thickness
will vary with the water table.

2-13. Homogeneity and Isotropy

a. Definition. If hydraulic conductivity is
consistent throughout a formation, regardless of
position, the formation is homogeneous. If hydraulic
conductivity within a formation is dependent on
location, the formation is heterogeneous. When
hydraulic conductivity is independent of the direction
of measurement at a point within a formation, the
formation is isotropic at that point. If the hydraulic
conductivity varies with the direction of measurement
at a point within a formation, the formation is
anisotropic at that point. Figure 2-6 is a graphical
representation of homogeneity and isotropy.

b. Geologic controls. Geologic material is very
rarely homogeneous in al directions. A more probable
condition is that the properties, such as hydraulic
conductivity, are approximately constant in one
direction. This condition results because: a) of effects
of the shape of soil particles, and b) different materias
incorporate the aluvium at different locations. As
geologic strata are formed, individual particles usualy
rest with their flat sides down in a process called
imbrication.  Consequently, flow is generaly less
restricted in the horizontal direction than the vertical
and K, is greater than K, for most situations. Layered
heterogeneity occurs when stratum of homogeneous,
isotropic materials are overlan upon each other.
Layered conditions commonly occur in dluvid,
lacustrine, and marine deposits. At alarge scale, there
is a reationship between anisotropy and layered
heterogeneity. In the field it is not uncommon
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Homogeneous Kz =Kz
Kzl K22 KX:= KX.
Isotropic Kx = Kz

Kx, Kx,
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Figure 2-6. Homogeneity and isotropy

for sites with layered heterogeneity to have large scale
anisotropy values of 100:1 o